ABSTRACT: An UHPLC-PDA-ESI/HRMS n profiling method was used to identify the glucosinolates and flavonoids of Rorippa indica (Cruciferae), a wild vegetable and Chinese herb used to treat cough, diarrhea, and rheumatoid arthritis. Thirty-three glucosinolates, more than 40 flavonol glycosides, and 18 other phenolic and common organic compounds were identified. The glucosinolates and polyphenols were separated by UHPLC. High-resolution deprotonated molecules provided high accuracy mass values that were used to determine formulas and provide putative identification of the glucosinolates and flavonoids. The fragments from multistage mass spectrometry were used to elucidate the structures. The concentrations of the main components were based on UV peak areas and molar relative response factors with a single calibration standard. This study found this plant to be a rich source for glucosinolates, containing 24 new glucosinolates, including 14 glucosylated glucosinolates that were previously unidentified.
■ INTRODUCTION
Glucosinolates (GSs) are sulfur-and nitrogen-containing secondary metabolites found in cruciferous plants. A central carbon is connected to a thioglucose, to a sulfate via a nitrogen atom, and to a side chain (R) (Figure 1 ). The side chain determines whether the glucosinolate is defined as aliphatic (straight-or branched-chain alkyl, alkenyl, and oxo-, hydroxyl forms), aromatic, or indole. Many glucosinolates also contain one or two more sulfur atoms in the side chain to form another sulfur-containing unit, such as methyl-thio-(−S−), methylsulfinyl-(−SO−), methyl-or benzyl-sulfonyl-(−SO 2 −), mercapto-(HS−), glucosyl-disulfanyl (−S−S−), and cysteinyl-thio-[HOOC−CH(NH 2 )−CH 2 −S−]. The glucosinolates and their enzyme-hydrolyzed products (thiocyanates, isothiocyanates, and nitriles) have shown important human health benefits, especially with respect to cancer prevention. Thus, many studies have been carried out on the isolation and structural elucidation of glucosinolates and their hydrolyzed products with respect to their biological activities and distribution in the plant kingdom.
1−7
To date, approximately 200 glucosinolates have been reported in plants. An electronic database of the structures, formulas, and accurate masses of 200 knownn and a further 180 predictedn GSs has been established. 8 Desulfoglucosinolates, glucosinolate-related nitriles, and isothiocyanates (Figure 1 ) formed by the loss of SO 3 or other functional groups through the action of sulfatase and myrosinase have been isolated from plants. 9, 10 Glucosinolates, widely distributed in many plants of the Cruciferae family, have also been found in plants from other familiesn although at significantly reduced levels. The glucosinolate profiles of many foods derived from cruciferous plants have been studied qualitatively and quantitatively to establish their dietary intake and relationship to health outcomes in biological, epidemiological, and clinical studies.
1−28
The fragmentation patterns of glucosinolates have been studied using multistage mass spectrometry (MS n ), primarily in the negative ionization mode. High-performance liquid chromatography and MS n with electrospray ionization (HPLC-ESI/MS n ) has been widely used to identify the intact glucosinolate components of plants. 8,11−18 Most glucosinolates have an ultraviolet (UV) absorbance maximum wavelength (λ max ) between 219 and 228 nm. They can be quantified directly from the UV absorbance at 225 nm when they are well separated. 8, 14, 19, 20 However, in most cases, quantification has been based on absorbance of the desulfoglucosinolates following sulfatase hydrolysis. Quantification is based on calibration with a single compound and predetermined relative response factors (RRFs). 8,20−26 Rorippa indica (Linn.) Hiern. is a perennial plant of the Cruciferae family that is widely distributed throughout the world. Its fresh spear-shaped leaves and tender seedlings are used as a healthy food, and the whole plant is used as an animal feed in China. The dried whole plant material is used as a Chinese traditional herb with purported diuretic, antiinflammatory, antifever, and anticough properties and to help with blood circulation and rheumatoid arthritis. 27 Some glucosinolates have been reported in R. indica and several other Rorippa plants. 4, 28 Ronifore (9-methylsulfonylnonyl nitrile) and its related amide (rorifamide) were isolated as the anticough components of Rorippa montana. 27, 29 Fifteen isothiocyanates and desulfoglucosinolates were isolated from the roots of Rorippa plants, and several flavonol glycosides, phenolic acids, and derivatives, and other organic compounds have been reported. 9,28−30 This paper presents a comprehensive study of the glucosinolate and polyphenolic components of R. indica.
Phenolic compounds are widely distributed in plant-derived foods, whereas the glucosinolates are among the biologically active components of Cruciferous plants. Both types of compounds are known to have many potential benefits to human health. As a part of our project to systematically identify and quantify these compounds, both standardized HPLC-PDA-ESI/MS and UHPLC-PDA-ESI/HRMS n methods were developed to identify and quantify the phenolics using their molar relative response factors (MRRFs) for UV absorbance. 31−33 In this study, the UHPLC-PDA-ESI/HRMS
n method was used to analyze the phenolic and glucosinolate profiles of R. indica and led to the identification of 33 glucosinolates, including 24 for the first time, and more than 40 flavonol glycosides. This study found that R. indica was a rich plant source for glucosinolates on the basis of its structural variety and total concentration of glucosinolates.
4,5,8 ■ MATERIALS AND METHODS
Standards and Other Chemicals. Glucocheirolin potassium salt [3-(methylsulfonyl)propyl glucosinolate-K, MW = 439 + 39 Da], rutin 3H 2 O (MW = 610 + 54 Da), quercetin, kaempferol, and isorhamnetin were obtained from Chromadex, Inc. (Irvine, CA, USA). Formic acid, hydrochloric acid (∼37%), HPLC grade methanol, and acetonitrile were purchased from VWR International, Inc. (Clarksburg, MD, USA). HPLC grade water was prepared from distilled water using a Milli-Q system (Millipore Lab., Bedford, MA, USA).
Standard Solutions. The stock standard solution consisted of dried rutin (1.27 mg) 34 and glucocheriolin-K (1.43 mg) in 10.0 mL of methanol/water (60:40, v/v). The stock solution was prepared at three concentrations (1, 1/2, and 1/4) to provide a range of signals suitable for the quantification of the main glucosinolates and phenolics of this sample. Each of the solutions (2 μL) was injected in triplicate, and the relative standard deviation (RSD) for each peak was <5.0%. The three standards provided a linear calibration curve for estimating the concentration of the main compounds of the extract.
31,32
Plant Materials and Extracts. The dried R. indica plant materials were purchased by the Longjin Pharmaceutical Co., Ltd., from local herb stores in Chongqing, China. The plant materials were ground into powders and passed through 60 mesh sieves prior to extraction. The ground powder (200 mg) was extracted with 5.0 mL of methanol/water (60:40, v/v) using an FS30 ultrasonic sonicator (Fisher Scientific, Pittsburgh, PA, USA) for 60 min at room temperature. The slurry mixture was centrifuged at 2500 rpm for 15 min (IEC Clinical Centrifuge, Damon/IEC Division, Needham, MA, USA), and the supernatant (4.000 mL) was filtered through a 17 mm (0.45 μm) PVDF syringe filter (VWR Scientific, Seattle, WA, USA). Two microliters of the extract was injected in triplicate into the HPLC for analysis.
31−33
Acidic Hydrolyzed Extracts. The filtered extracts (0.50 mL) were mixed with concentrated HCl (37%, 0.1 mL) and heated in a capped tube at 85°C for 2 h. Then, 0.4 mL of methanol was added to the mixture, and the solution was sonicated for 10 min. The solution was refiltered prior to HPLC injection. 31 
UHPLC-PDA-ESI/HRMS
n Conditions. The UHPLC-DAD-ESI/ HRMS-MS n system used consisted of an LTQ Orbitrap XL mass spectrometer with an Accela 1250 binary Pump, a PAL HTC Accela TMO autosampler, a diode array detector (DAD) (ThermoScientific, San Jose, CA, USA), and a G1316A column compartment (Agilent, Palo Alto, CA, USA). The separation was carried out on an UHPLC column (200 mm × 2.1 mm i.d., Hypersil Gold AQ RP-C18, 1.9 μm) (ThermoScientific) with an HPLC/UHPLC precolumn filter (UltraShield Analytical Scientific Instruments, Richmond, CA, USA) at a flow rate of 0.3 mL/min. The mobile phase consisted of a combination of A (0.1% formic acid in water, v/v) and B (0.1% formic acid in acetonitrile, v/v). The linear gradient was from 4 to 20% B (v/v) at 40 min, to 35% B at 60 min, to 100% B at 61 min, and held at 100% B to 65 min. 32 The PDA recorded spectra from 200 to 700 nm, and peak intensities at 225 and 354 nm were used for the quantification of the main glucosinolates and flavonoids, respectively. 33 The MS was operated in the negative ionization mode using the following conditions: sheath gas at 70 (arbitrary units), auxiliary and sweep gas at 15 (arbitrary units), spray voltage at 4.8 kV, capillary temperature at 300°C, capillary voltage at 15 V, and tube lens at 70 V. The scan range was from m/z 100 to 1500 with a resolution of 15000, FTMS AGC target at 2e5, FT-MS/MS AGC target at 1e5, isolation width of m/z 1.5, and maximum ion injection time of 500 ms. Highaccuracy ion mass values were determined for all primary ions (i.e., the deprotonated molecular ions). The most intense ion was selected for the data-dependent scan to provide MS 2 −MS 5 product ions with a normalized collision energy at 35% (CID). 33 The product ions were determined with nominal mass accuracy. An additional separate datadependent scan with high-energy collisional dissociation (HCD) at 75% was also carried out for high-accuracy measurement of some of the MS n ions with the resolution of 7500.
■ RESULTS AND DISCUSSION
Identification of Glucosinolates. Thirty-three glucosinolates were detected in the plant extract. Figure 1 lists the identification codes, putative identification, retention times (recorded on the TIC chromatogram), deprotonated molecule high-resolution mass, formula, error between the experimental and calculated values, and main and important fragments from MS 2 , MS 3 , and MS 4 fragmentations for each peak. The listing is in order of molecular weight. The TIC and PDA (at 225 nm) chromatograms are shown in Figure 2 . Thirty-three of the compounds were putatively identified, and nine compounds could not be identified.
The main glucosinolates of this plant consisted of methylsulfonyl straight alkyl chain compounds (CH 3 S-(O) 2 (CH 2 ) n ) (Figure 1 ). The most concentrated glucosinolate (GS-1) had TIC and UV peaks with retention times (t R ) at 18.88 and 18.83 min (Figure 2) .1129 Da, with the error of −1.72 ppm) for 9-(methylsulfonyl)-nonylglucosinolate (GS-1). The assignment of this compound as 9-(methylsulfonyl)nonyl glucosinolate (GS-1) was based on the fact that the hydrolyzed products, desulfoglucosinolate, isothiocynate, and nitrile (rofifone), had been previously isolated from this plant. 9, 27, 28 Furthermore, the authors in China isolated the related nitrile from the same plant material and confirmed the structure by nuclear magnetic resonance.
GS Figure  4B . The compositions for ions a, c, and b were confirmed by the experimentally determined masses of 290.9842 (error −2.7 ppm), 274.9890 (error −3.9 ppm), and 259.0117 (error −4.8 ppm, Figure 3) , respectively, from the additional datadependent scan with activation in HCD. Figure 3 illustrates the fragmentation pathway leading to the four product ions through the loss of RCN and RNCS groups. Some glucosinolates, such as 4-methoxyglucobrassin, glucobrassicin, 3′-hydroxyglucoisatisin, glucoisatinsin, and sinalbin, were reported to present an MS 2 fragment (b, 291 Da) with a relative intensity of 6−61%. 13, 14, 22 These diagnostic ions fully supported the identification of this compound as a glucosinolate.
Two minor peaks (GS-2 and GS-3, t R = 10.39 and 21.00 min) had the same high-resolution deprotonated molecular ion masses as GS-1 and similar MS 2 and MS 3 fragments. Thus, they were determined to be isomers of GS-1. Most likely, the R groups are isomeric.
Three glucosinolates, GS4, GS-5, and GS-6, are analogues of GS-1 and identified as 7-methylsulfonylheptyl-(t R = 6.67 min,
.0978 Da), and 10-methylsulfonyldecylglucosinolates (t R = 27.25 min, [M − H] − = 536.1301 Da), respectively. Their mass differences arise from the numbers of CH 2 units. Their retention times correlate with increasing mass, suggesting that the R groups are straight chains and the increasing number results in increased retention times as the polarity decreases. These data also confirmed the identification of these compounds as glucosinolates.
Four other glucosinolates (GS-7−GS-10) containing methylsulfinyl (CH 3 SO(CH 2 ) n ) were detected. They were putatively identified as 8-(methylsulfinyl)octyl-(t R GS-11 (t R = 11.85 min) contained an indole function and was putatively identified as 4-methoxyindol-3-ylmethylglucosinolate on the basis of its high-resolution mass value of 477.0635 Da. This compound showed the same fragmentation behavior observed above. Eight of the above glucosinolates (GS-1, GS-4, GS-5, GS-6, GS-7, GS-8, GS-10, and GS-11) were previously reported, and GS-7, GS-8, and GS-11 were found in Rorippa plants. 4 Furthermore, the desulfoglucosinolates and/or isothiocyanates of the above glucosinolates (except GS-4) were previously isolated from the roots of this plant. 9 However, compounds GS-2, GS-3, and GS-9 were not known glucosinolates.
4−8
The remaining 21 peaks were putatively identified as glucosinolates and will be discussed in detail. GS-12 (t R 11 , that is, C 11 H 23 O, the same as that obtained directly from R = C 18 H 34 O 10 NS 2 − C 7 H 11 O 9 NS 2 ( Figure 3 ). In this way, the structures for the glucosinolates can be figured out easily. Thus, this compound was putatively identified as hydroxyundecyl glucosinolate. This glucosinolate was not among the predicted 180 new glucosinolates in the electronic database of Clarke because the number of CH 2 groups (n) is 11 and 10 was the largest considered in the prediction set. 8 Two groups of the isomeric alkyl glucosinolates were observed. The first group (GS-13−GS-16) contained four isomers (t R = 5.41, 6.47, 7.74, and 10.55 min, [M − H] − = 538.1081 Da). They showed product ions of m/z 291, 275, 259, and 97 and were identified as 9-(methylsulfonyl)-hydroxynonylglucosinolates. They had one more hydroxyl group than that of related 9-(methylsulfonyl)-nonylglucosinolate (GS-1) and its isomers (GS-2 and GS-3). The second group (GS-17 and GS-18) consisted of two isomers (t R = 10.97 and 13.34 min, [M − H] − = 552.1236 Da). They showed the same diagnostic GS fragments and were putatively identified as 10-methylsulfonylhydroxydecylglucosinolates and to be the hydroxyl derivatives of 10-methylsulfonyldecylglucosinolate (GS-6) and its isomers. The R groups for the isomers can be determined in the same manner as described previously for GS-12. Among them, GS-13 and GS-17 (with suggested straight chains for the R group) were among the predicted 180 new glucosinolates in the electronic database of Clarke with code numbers 245 and 246, respectively. Table 1 ). On the basis of both of the highresolution mass values and the presence of the gluocosinolate glucoside characteristic fragments, they were identified as the glucosides of 9-(methylsulfonyl)nonylglucosinolates (the glucosides of GS-1−GS-3). Because there was no hydroxyl function on the R group, this glucosyl was most likely connected to the thioglucoside and most likely at the 6-position as that for a monoacylated glucosinolate. 6, 7 Similarly, four other compounds (GS-23−GS-26) were recognized as the glucosides of glucosinolates on the basis of the fact that they presented the same diagnostic fragments at m/z 453, 437, and 421. GS-23 (t R 16 NS 3 , error −1.8 ppm) were putatively identified as the glucosides of 10-methylsulfonyldecylglucosinolates (the glucosides of GS-6 and its isomers). 15 NS 3 , error −0.9 ppm) might be the glucoside of 7-(methylsulfinyl)heptyl glucosinolate. Instead of showing the typical glucosinolate glucoside fragment described above, three of them (GS-31−GS-33) had base MS 2 or MS 3 fragments at m/ z 391 like GS-23. Consequently, the lack of definitive MS 2 fragments made it impossible to develop a molecular formula for this ion. The putative formula offered in Table 1 was based primarily on the close match of the experimentally measured high-resolution masses with calculated values. The aglycones of these three glucosides were known glucosinolates, but not detected in this plant. The 14 glucosinolate glucosides mentioned above have not been previously reported in any other plants. They represent a new family of glucosinolates with a glucosyl connected to the thioglucosyl group. All of the observed MS n fragments could be related to the structural elements of the glucosinolate skeleton. For examples, ions a, b, c, and d and thioglucosyl (m/z 195), as well as fragments obtained from further losses of oxygen, sulfur, or parts of the glucosyl were observed. However, not enough fragments were obtained to determine the structure of the R groups. 8,11−25 Of course, the R groups for the glucosinolates were not very large (containing fewer than 12 carbon atoms for the aliphatic GSs), but they can be arranged in several different ways to form the isomers. For example, the aliphatic structure can be linear or branched, the oxygen atom can be found in the oxo (keto) or hydroxy form, and the alkenyl double bond can be located at different positions.
3−8 As a result, nuclear The major glucosinolates of R. montana had similar side chains and were well separated, allowing for the measurement of their peak areas at 225 nm (Figure 3) . Their concentrations were calculated relative to glucocheirolin using MRRF values of 1.0, on the basis of previous reports that the side chains were similar and did not alter the absorption coefficient of the molecules. 8, 14, 19, 20 The relative peak area ratios for GS-1, GS-8, GS-6, GS-5, and GS-10 were 100.0, 15.5, 9.6, 5.1, and 4.6, respectively. The corresponding concentrations for GS-1, GS-8, GS-6, GS-5, and GS-10 were 0.51, 0.079, 0.049, 0.026, and 0.024% on a dry weight basis, and their total contents was 0.69% or 690 mg/100 g of dried plant materials. GS-1 constituted approximately 71% of the total glucosinolate content.
Identification of Phenolic and Other Common Compounds. Table 2 Figure 2 . The strategy for identifying phenolic compounds in food samples has been described previously. 31, 33 In this study, only the glycosides of flavonols were observed, and most are reported for the first time.
Two fragments of m/z 447 (by loss of 146) and m/z 284 (the radical anion species of kaempferol from the loss of 162 + 1 rather than the ion at m/z 285), suggesting that they might be kaempferol glycosides containing a rhamnosylhexose. This radical anion had base MS 4 and MS 5 fragments of m/z 255 (100%) and 221(100%), which suggested that this flavonol was most likely to be kaempferol. This identification was confirmed by the fact that kaempferol was the tetrahydroxyflavone (by direct comparison with kaempferol standards) in the acidic hydrolyzed extract (chromatogram not shown). The close retention times of the flavonol glycoside suggested that they might be kaempferol 3-O-rhamnosylglucosides with the rhamnosyl at the 6-position of hexosyl (glucosyl or galactosyl). 33 Their high-resolution mass confirmed their putative identification.
Four other peaks with different retention times (t R = 17.35, 21.04, 30.80, and 32.13 min) had high-resolution masses close to 593.1500 Da, and all had similar fragments, suggesting they were also kaempferol rhamnosylhexosides. However, they were all minor components of the plant and did not provide sufficient UV data or MS n fragments to allow identification of a specific isomeric structure. Thus, their position of attachment to the flavone and the type of hexose were not completely identified.
Similarly, As mentioned in a previous publication, dried rutin (at 354 nm) was used as the quantification standard and the MRRF values of two main flavonoids were used to determine their concentrations. 31 Concentrations of approximately 0.05 and 0.01% (or 50 and 10 mg/100 g of plant material on dry weight basis) were obtained for flavonoids F1 and F2, respectively. The total flavonoid content of this plant is <0.10% because the remaining flavonols were present at very low concentrations and UV peaks were not detectable for absorbance measurements.
In addition to the flavonoids, 1 lignan (lariciresinol 4-O-β-Dglucopyranoside) and 18 other common compounds, including the glucosides of hydroxybenzoic and hydroxycinnamic acids and their derivatives (e.g., bound to sugar, quinic acid, and malic acid) and organic acids, were identified by comparison of the chromatographic and MS data with those in our in-house flavonoid database. Most of the common compounds have previously been detected in other plants analyzed in this laboratory.
The results of this study showed that R. indica is a rich source of glucosinolates.
1−5,8 These compounds were reasonably separated using the UHPLC conditions described here and identified by their high-accuracy mass measurement and multistage mass fragments. The UV absorbance of the major glucosinolates was used to compute their concentration. In summary, 33 glucosinolates, over 40 flavonoids, and more than 20 other phenolic and organic compounds were identified. 
